We experimentally demonstrate a transverse acoustic (TA) phonon transistor. Phonons are coherently initiated by femtosecond photocarrier screening on potential gradients. Although translational symmetry within the isotropic plane normally prohibits optical generation of TA phonons, we show that the combined application of an external bias in the vertical and lateral directions can break the selection rules, generating the forbidden TA mode. The amplitude and on-state time of the TA mode can be modulated by the external field strength and size of the laterally biased region. The observed frequency shift with an external bias as well as the strong geometrical dependence confirm the role of the asymmetric potential distribution in electrically manipulating the crystal symmetry to control and activate the transistor.
The ability to tailor materials and device elements below the phonon mean free path in such a way that the vibrational/phononic properties can be modified and precisely controlled has gained widespread interest in recent years [1] . Some applications include controllability of the thermal conductivity for on-chip heat management [2] , charge transfer via acoustic (AC) pulses [3] , and the realization of phonon lasers [4] . The acoustic counterpart of diodes [5] and metamaterials [6] open further opportunities for the prospective development of phononics.
The coherent vibrational properties can typically be investigated using transient coupling between electrons and dynamic strains under femtosecond laser excitation. Such techniques have been reported for multiferroic crystals [7] , zinc-blende crystals [8] , wurtzite semiconductors [9, 10] , and their mixtures [11] . Among a vast range of crystalline structures, wurtzite heterostructures revealed strongly enhanced electron-AC phonon coupling efficiency for both zone-folded and propagating AC phonons owing to the large internal polarization fields at pseudomorphically strained interfaces [10] . The small absorption depth (≤100 nm) therein compared to the conventional excitation spot size (≥10 µm) provides ideal plane waves propagating along the growth direction; in the anisotropic plane, transverse acoustic (TA) and longitudinal acoustic (LA) phonons are simultaneously observed [12] , whereas in isotropic systems grown along the polar c-axis, only the LA mode is allowed [9] .
The role of electric fields alongside the growth axis in generating optical phonons [13] and AC phonons [9, 12] has long been identified. By positing the growth direction as the decisive factor fixing the phonon modes, however, previous efforts neglected external manipulation of the crystalline symmetry. In analogy with an electrical transistor, implemented under combined potential gradients along the vertical and lateral directions, our approach in this work is to simultaneously manipulate the normal and shear strain distributions in a mutually correlated fashion to attain an unprecedented degree of freedom in amplifying and switching the forbidden TA modes in an isotropic wurtzite system.
A representative sample used here under asymmetric potential distribution at room temperature is illustrated in Fig. 1(a) . GaN-based multiple quantum wells (MQWs) acting as LA epicenters [9] were sandwiched between p-and n-regions along the c-axis (≡ z-axis) so that the external bias V ext induces vertically exerted fields compensating for the piezoelectric field E P z [14] . The fundamental importance of the structure lies in the addi-tional formation of lateral electric fields by interdigitated contact pads; the sample has narrow p-and n-electrodes, which are laterally spaced by ∼80 µm in the x direction on top of an abnormally-thin indium tin oxide (ITO) layer (∼40 nm) to spread a nonuniform electric current density along the x-axis. The following layers were sequentially grown on a sapphire substrate by metalorganic chemical vapor deposition: 3-µm-thick undoped GaN, 2.5-µm-thick n-GaN, six quantum well (QW) layers of 2-nm-thick In 0.1 Ga 0.9 N encased by seven 8-nmthick GaN barriers, 120-nm-thick p-Al 0.05 Ga 0.95 N, and 250-nm-thick p-GaN. The doped electron n e and hole concentrations n p were estimated to be 7 ×10 17 cm −3
and 8×10 17 cm −3 , respectively. To determine the potential distributions in both the vertical and lateral directions, the spatially-resolved photoluminescence (PL) was measured, as shown in Fig. 1(b) , under excitation by a frequency-doubled Ti:sapphire laser at 367.5 nm onto a spot size of ∼10 µm.
As the excitation spot was moved away from the pelectrode in the lateral x direction in Fig. 1(b) , the PL peak energy was red-shifted when V ext was applied. The red shift of the PL peak energy, which was distinctive from those reported for vertically strained QWs, indicates that the actual magnitude of the applied bias along the z-axis differed from V ext and decreased along the xaxis in terms of the quantum-confined Stark effect [14] . From variational calculations of the PL peak energy, we estimated E P z to be 0.98 MV/cm and determined the laterally varying potential profile ϕ(x, z). The resultant conduction band profiles are evaluated in Fig. 1(c) at a V ext of 4 V across the MQW and n-depletion regions. By following the procedures introduced above, the lateral electric field E x = −∇ x ϕ was found to increase with V ext , reaching ∼0.66 kV/cm at 4 V at the end of the depletion region. In Fig. 1 (c), E P z was almost fully compensated at 4 V by the vertically applied fields; the magnitude of the net electric field along the z-axis, E z = −∇ z ϕ, was on the same order as E x within the QWs.
On the basis of the piezoelectric tensor d nm , the strain components in hexagonal symmetry in wurtzite GaN are coupled with the electric field distributions as
, where nonzero values of E 3 = E z and E 1 = E x lead to the normal (ε zz = ε 3 ) and shear strain components (ε zx = ε 5 ) in the x− z plane, respectively. The normal strain ε zz calculated in Fig. 1(d) was compressive in the barriers and weakly tensile in the QWs at 4 V. On the other hand, the shear component (ε zx ) in Fig. 1 (e) became prominent throughout the biased region and reached a maximum value near the end of the n-depletion region. When coherent AC phonons are displacively initiated along the z-axis via selective screening by photocarriers on the strained lattice, the modal driving force in the loaded string model [10, 16] could be correlated with the strain as
where the mode index i corresponds to either LA or TA, C i is the effective elastic constants [17] , ε LA (ε T A ) corresponds to the normal (shear) strain ε zz (ε zx ), and H(t) is the Heaviside step function describing the instantaneous excitation of the driving forces by transient field screenings.
To investigate the interplay between the asymmetric potential distribution and the modal AC phonon dynamics, we measured the time-resolved differential reflectivity spectra (DRS) as sketched in Fig. 2(a) . The fluence of the pump beam was ∼85 µJ/cm 2 in order to abruptly screen out the potential gradients. The incident angle θ of the pump beam for phonon generation was fixed at zero, whereas θ for the polarized probe beam for phonon detection was set to less than 5
• unless otherwise mentioned (Fig. 5) . For photocarrier excitation in the MQW and depletion regions, the pump and probe beam energies were degenerate at 367.5 nm, with a penetration depth ξ of around 700 nm. The probe polarization φ was fixed at 45
• with respect to the incident plane except in Fig.  4 , whereas the pump beam was polarized perpendicular to the probe beam.
The transient oscillatory components in DRS, ∆R/R, were analyzed to produce contour plots of the modal am-plitudes in Fig. 2(b) . Each frequency mode of the oscillation was caused by dynamic Fabry-Perot interference between the probe beams reflected from the surface and from the wavefront of the propagating strain waves. The modal frequency is expressed as f i =2v i ncos(θ t )/λ probe , where θ t is the angle of the probe transmission inside the material, n is the refractive index, and λ probe is the wavelength of the probe beam. Not only the LA frequency f LA ∼120 GHz, but also new spectral component at f T A ∼70 GHz, emerged with V ext . Further, f LA (f T A ) matches well the velocity v LA (v T A ) of ∼7300 m/s (4200 m/s) [17] . The actively induced TA mode under a nonzero V ext could not be explained by any previous investigations of the isotropic plane. Furthermore, the TA waves abruptly disappeared around τ T A (∼130 ps at 4 V), which is indicated by a curved dashed line in Fig.  2(b) .
The detailed lineshape analysis in Fig. 2(c) (A II T A ) corresponds to the maximum TA amplitude for the on-state (off-state) for time domain I (II) with t < τ i (τ i < t < 2τ i ). This is explained by the estimated AC reflectivity of about 0.19 due to the AC impedance mismatch at the ITO/p-GaN interface. The increasing onstate time τ T A (red circles) in Fig. 2(d) , on the other hand, was in good agreement with the calculated travel time (dashed line) between the end of the n-depletion region and the SDR. In this regard, the slightly increased value of τ T A between 2.5 and 5.5 V (∼11 ps) can be converted into the elongated n-depletion region width l D (n e , n p , V ext ) [14] . It was previously postulated that the dielectric tensor modulation due to transient shear strain waves can be detected only with oblique probe incidence in an optically isotropic medium [19] . Therefore, the digitized appearance of the TA mode even under normal incidence in Fig. 2 , which matches exactly the timeof-flight in the laterally biased region, implies that the hexagonal symmetry was broken there.
To precisely trace the frequencies and amplitudes without phase-change-induced errors at the AC interfaces [17] , the Fourier amplitudes for η a i integrated over τ i /2 < t < τ i are presented for the TA (red lines) and LA modes (blue lines) at different V ext in Fig. 3(a) . To illustrate the amplification of the TA mode, the TA signal was normalized by that of the persistently manifested LA mode as A I T A /A I LA in Fig. 3(b) . The TA amplitude increased consistently with increasing shear strain even beyond 4 V, at which electronic tunneling overrides the strain increment and causes a relative decrease in the LA signals. Photocarrier screening within QWs (referred to as inwell screening, on the order of the exciton Bohr radius a B ) generally plays a major role in LA mode generation [10] . However, this fast electronic transport could not weaken the TA amplification in Fig. 3(a, b) , which suggests a distinctive origin of TA mode generation at a much larger scale than a B . Another intriguing feature regarding the electrically broken symmetry was the spectral blue shift in both modes under increasing V ext in Fig. 3(a) . The peak frequencies of the LA and TA modes increased with the bias by ∼1.7%, as traced in Fig. 3(c) . In terms of the birefringence in the anisotropic region, we firstly examined the V ext -dependent refractive index change, n = ǫ o + ∆ǫ(V ext ), by using ellipsometry in Fig. 3(d) . The unperturbed dielectric constant ǫ o was evaluated to be 8.64 at 367.5 nm at zero bias. Then, inserting the measured n into f i under V ext , we
. The additional bias-dependent changes, ∆ǫ(V ext ) and ∆C i (V ext ), are presented in Fig. 3(d, e) and could be further com- pared with the analytical expressions through the birefringence and strain-induced nonlinear elasticity in the anisotropic region [17] .
Regarding the electrically manipulated crystal symmetry, E x possibly distorted the hexagonal symmetry via the third-order elastic (TOE) tensors into monoclinic symmetry [18] . Concretely, the tilting of the principal axis away from the c-axis by E x -induced monoclinic deformation could be illustrated by angular perturbations of the elastic constants and refractive index in the x − y plane. Figure 4(a) shows the modal spectra at a V ext of 5.5 V, integrated over τ i /2 < t < τ i , as we rotate the probe polarization φ from the x-axis. Two noteworthy observations were made: (1) in clear contrast to the constant LA mode (blue lines), the TA amplitude (red lines) monotonically decreased with φ in Fig. 4(a) , indicating that the TA mode was partially polarized along the same direction as E x . Indeed, the TA magnitude normalized by the LA mode (A I T A /A I LA ) in Fig. 4(b) revealed a drastic decrease by about 50%. (2) Despite the fixed V ext , the modal frequencies f LA and f T A exhibited very similar increases with φ, as shown in Fig.  4(c) , owing to the birefringence in the anisotropic region. As a function of φ, in this regard, n was extracted either from f LA (blue squares) or from f T A (red triangles) in Fig. 4(d) . The dashed inner circle in Fig. 4(d) displays the isotropic refractive index ellipsoid without E x , whereas the solid outer circle exhibits the values calculated via the E x -induced birefringence. In a comparative structure without E x even under an applied V ext , where the TOE tensor has preserved hexagonal symmetry, this V ext -induced birefringence and nonlinear elasticity vanished [17] .
To gain a more quantitative insight into the relationship between ̥ i and the axial symmetry, we selectively measured the s-polarized component of the probe reflectance as a function of θ at 4 V, as shown in Fig. 5 . The probe polarization angle φ was fixed at 45
• to maximize the sensitivity of the x-polarized TA mode [11] . As a result, more complicated AC propagation dynamics appear in Fig. 5(a) ; the TA mode signals monotonically increased with θ not only in the purely anisotropic region (I: t < τ i ) but also in the purely isotropic region (III: 2τ i < t < 3τ i ). We note that the abruptly suppressed TA mode at τ T A was particularly prominent at θ=0
• in Fig. 5(a) . In contrast, the LA amplitude with θ varied in different time domains, slightly increasing up to τ LA and then rapidly decreasing after 2τ LA . In the time domain II, the increasing and decreasing tendencies were mixed for LA waves. for z ≤ v i · τ i , and isotropic region, ̥ iso i for z ≥ v i · τ i , could be extracted in Fig. 5(b-e) . The analytic expressions for ̥ i have been discussed separately for isotropic [19] and anisotropic crystals [20] , according to the perturbations of the dielectric tensor due to strain. In isotropic materials, only the diagonal (offdiagonal) components in the perturbed dielectric tensor are induced by the LA (TA) waves. That is why the opposite tendencies are predicted for ̥ iso LA (dashed line) and ̥ iso T A (dotted line) within our range of θ values, in agreement with the experimental values (scattered lines) in Fig. 5(b, c) . To calculate ̥ ani i , it is necessary to consider the mixed nature of the dielectric tensor modulations resulting from both diagonal and off-diagonal perturbations. In Fig. 5(d, e) , the experimentally obtained values of ̥ Fig. 5(e) ]. In summary, we reported a prototypical AC transistor by which one can amplify and switch on and off TA waves via a combination of lateral and vertical potential gradients. By applying lateral electric fields in the isotropic plane, we could modify the selection rules, allowing the generation of the forbidden TA mode. Owing to the anisotropic nature of the elastic tensor over the laterally biased scale, the frequency, on-state times, and sensitivities of the TA waves were also externally or axially modulated. Finally, we note that the asymmetric potential distribution described in this Letter could also contribute to the active control of optical phonon modes, consistent with crystal symmetry. Furthermore, as the electric fields couple strongly to the phonons in piezoelectric nanostructures, as demonstrated in this Letter, the activation of phononic functionalities with a degree of control analogous to that for manipulating electrons in transistors could be heralded as the essential step in advancing integrated phononic circuits for logical processing. We acknowledge useful discussions with P. Ruello, J. Kono, P. Grünberg, and K. J. Yee. This work was funded by the Basic Science Research Program through the National Research Foundation of Korea (NRF-2012-042232; 2013-068982). The samples used in this work were provided from LG electronics and Korean Photonics Technology Institute.
